Introduction
============

Obesity is a serious worldwide health problem that adversely affects general population and its incidence has been dramatically increasing day by day. According to the World Health Organization (WHO) statistics published in 2013, the frequency of obesity has doubled since 1980 \[[@B1]\]. The WHO\'s report published in 2016 revealed that more than 1.9 billion adults (\>18 years) were overweight and 650 million of them were obese in addition to the presence of 41 million children (\<5 years) reported being overweight or obese \[[@B1]\].

Increase in intake of high calorie foods with daily diet not only becomes a dreadful risk factor for developing cardiovascular diseases, diabetes, osteoarthritis, hypertension, cancer, and metabolic disorders but also it is shown to trigger various fertilization problems \[[@B2][@B3]\]. Several earlier studies indicate that abnormal weight gain during childhood and increased amount of fat tissue in the body gradually decreases the age of puberty in females \[[@B4][@B5][@B6][@B7]\]. Likewise, previous studies show that adults possessing more than normal fatty tissue suffer from menstrual disorders, anovulation, and infertility problems \[[@B8][@B9][@B10]\].

Furthermore, both malnutrition and overeating are shown to harmfully affect fertility in women \[[@B11][@B12]\]. Recent studies disclose that obesity dysregulates the hypothalamic-pituitary-ovarian axis and impairs fertilization capacity in humans and animals \[[@B13][@B14][@B15]\]. Obesity is seen more frequently in women than in men and this risk increases with age \[[@B16]\]. Although most obese women are not infertile, obesity is shown to have a hostile effect on their fertility \[[@B17]\]. In their recent study, Brewer and Balen \[[@B18]\] report that obese women are three times more likely to be infertile than women who have a normal body mass index (BMI) since obesity can affect fertilization in many different ways such as incapacitating ovulation and oocyte development. Subsequently, obesity-related reproductive disorders have become a serious problem for both present and future generations as the prevalence of obesity in women of reproductive age are estimated to be at 38.3% \[[@B19]\].

Obesity is shown to disturb various ovarian functions including polycystic ovarian syndrome (PCOS), an endocrine disorder that adversely affects reproductive life in 6--10% of women worldwide \[[@B20]\]. PCOS is a health problem that poses a risk for the development of infertility by negatively affecting reproductive functions in women. Moreover, obesity is shown to trigger the emergence of PCOS through adverse changes in fat metabolism. For instance, several studies have shown that insulin resistance develops in women with PCOS, resulting in development of hyperandrogenism, oligo-ovulation/anovulation, and multiple cysts \[[@B21][@B22][@B23]\], which explains at least in part the mechanism of formation of cystic follicles in obese individuals \[[@B24]\]. High testosterone levels in serum of obese female mice induced by diabetes-associated obesity are demonstrated to be similar to those of women with PCOS \[[@B25]\]. Likewise, prolonged estrous cycles, increase in serum androstenedione and luteinizing hormone levels were also reported in obese animals \[[@B26]\]. Another recent study indicates that not only follicular volume but also conversion of normal follicles to cysts increases during the luteal phase in obese animals. In addition, women with PCOS and obesity are shown to ovulating smaller oocytes than women with normal BMI \[[@B27]\]. On the other hand, PCOS and obesity depending on the BMI are shown to affect the size of oocytes independently of each other in females \[[@B28]\]. Diet-induced obesity leads to pathologies in ovarian function that could include poor oocyte quality, low rates of blastocyst survival, and abnormal embryonic cellular differentiation \[[@B29]\]. Another relevant study demonstrates that ovarian apoptosis particularly increases, oocytes in preovulatory follicles become smaller, and maturation of oocytes declines in obese mice \[[@B30]\].

There are evidence showing that females who are not clinically diagnosed or considered as obese but taking only dietary high-fat foods might develop different types of infertility problems in advance. Therefore, investigation of rate of consumed dietary high-fat foods is critical to reveal the culprit for unexplained infertility problems for the females who have no evident physiological or any other medical reproduction problems \[[@B23][@B24]\].

Despite many qualitative studies related to obesity and polycystic ovaries in animals and humans are available, the number of quantitative stereological analyzes examining the morphological changes occurring in ovaries of obese animals are limited. Therefore, in the present study we aimed to examine following parameters in ovarian of obese mice using unbiased-stereological methods for quantitative analysis: The parameters included total ovarian weight and its volume, change in the ovarian cortex to medulla ratio, number of follicles, the changes occurring in the mean diameter of follicles, and ratio of ovum to granulosa cell layer in secondary follicle.

Materials and Methods
=====================

Animals and diets
-----------------

The mice were obtained from the Medical and Experimental Research Center of Eskişehir Osmangazi University, Eskişehir, Turkey. For the present study, 16 unmated fertile female Swiss albino strains (8--10 weeks old, weighing 22--25 g) were used and they were housed as 4 per cage. The mice were randomly assigned to the control group, which contained 8 mice and fed with standard chow for 9 weeks (10% fat, n=8, C 1090-10, Altromin, Lage, Germany) and high-fat diet (HFD) group, which also contained 8 mice and fed with HFD for 9 weeks (60% fat, n=8, C 1090-60, Altromin). The animal cages were maintained at 22℃±2℃ with a 12-hour light/12-hour dark cycle and the mice were fed with standard or HFD starting from the first day of the experiment and water was provided *ad libitum*. The treatment of the animals and experimental procedures were approved by the Experimental Animals Ethics Committee of Eskişehir Osmangazi University with the decision numbered 467/2015. The present study was also financially supported by Eskişehir Osmangazi University Research Projects Center with the project code 2014-586. Body weights of the animals were obtained weekly starting from beginning of the experiment to the end of the experiment. Chow diets were kept at −21℃ during the experiment and the animals were allowed to feed on the diet determined based on maximal amount of daily need. The mice in the control and HFD groups were fed with standard chow and HFDs, respectively during the periods of experiment. While the animals in HFD group received 5.24 kcal from per gram of HFD, in the control group they received 3.52 kcal from per gram of the standard chow.

Determination of estrus cycles
------------------------------

At the end of the feeding period, vaginal smear method was used to define estrus cycle phase of the mice. Vaginal smear cells taken from animals by sterile swabs were examined under light microscope and the presence of a predominance of nucleated epithelial cells designated as proestrus, existence of primarily anucleated cornified cells defined as estrus, presence of the same proportion among leukocytes, cornified, and nucleated epithelial cells was defined as metestrus, and the occurrence of a primary predominance of leukocytes was defined as diestrus.

Preparation of the ovarian sections
-----------------------------------

The mice in diestrus phase were sacrificed by cervical dislocation under general anesthesia delivered with intraperitoneal injection of xylazine at 80 mg/kg and ketamine at 15 mg/kg doses. The right ovaries of the mice were removed, weighed, and fixed in 4% paraformaldehyde at 4℃ overnight. The fixed ovaries were passed through the alcohol series, cleaned with xylene, and embedded in paraffin blocks. Consequently, 5-µm-thick sections were cut out from the ovarian blocks for histomorphological analyses.

Crossman\'s triple stain and morphological classification of the follicles
--------------------------------------------------------------------------

For the histological studies, 5-µm-thick sections were cut from the paraffin blocks, mounted on slides, and dried overnight. After dewaxing and rehydration, the sections were used for Crossman\'s triple staining to expose ovarian morphology. The classification of the ovarian follicles was performed based on the criteria reported earlier by Wang et al. \[[@B31]\]. When the oocyte was surrounded by a layer of flat granulosa cells, the ovarian follicle was classified as primordial follicle ([Fig. 1A](#F1){ref-type="fig"}), when the oocyte was encircled by a layer of cubic granulosa cells, the ovarian follicle was classified as a primary follicle ([Fig. 1B](#F1){ref-type="fig"}); on the other hand, when the oocyte was bordered by two or three layers of cubic granulosa cells but lacking an antral follicle, the ovarian follicle was classified as a secondary follicle ([Fig. 1C](#F1){ref-type="fig"}), finally the ovarian follicle containing more than four layers of granulosa cells with one or more antral spaces, or with the cumulus granulosa cell layer was classified as a tertiary follicle ([Fig. 1D](#F1){ref-type="fig"}) \[[@B31]\]. Based on the criteria described here, the sections were examined under light microscope and the follicles were classified accordingly.

Stereological analyses
----------------------

Stereological data were obtained using systematic random sampling method at each stage to apply unbiased principles. Point-count analysis was used to calculate total ovarian volume while Stereoinvestigator software (MBF Bioscience, Ankara, Turkey) was used to determine ratio of the ovarian cortex to its medulla (Vv) ([Fig. 2](#F2){ref-type="fig"}). For calculating the diameters of the primordial, primary, secondary, and tertiary follicles; the longest axes of the follicles were determined as major diameter (a), the other axis intersecting the major axis and passing through the midpoint of the follicles was determined as minor diameter (b). Subsequently, average diameter (d) for the follicles was calculated using the formula d=√ a.b for all the sections via performing around 150--200 measurements from each type of follicle ([Fig. 3](#F3){ref-type="fig"}). Moreover, micrometer was used for the standard of magnitude of the measurements obtained. The point-count method was applied to calculate the ratio of oocyte to granulosa cell layer in the secondary follicles.

Total ovarian volume and ratio of ovarian cortex to ovarian medulla were calculated using Cavalieri method as described previously \[[@B32]\]. For this purpose, a total of 12 sections were examined from each ovarian block. The sections were examined using the point grid application in which the points that fall on the examined region on the tissue were considered for assessment. The following formula was used for the evaluation of the data obtained:

, where, t=cross-sectional thickness, ΣPi=the total number of points per cortex and medulla, a(p) denotes the plane distance between X and Y, the arrow to the right of the plus sign is considered.

Ethics statement
----------------

Animal study was carried out in accordance with the recommendations in the Guide for the Care and Use of Experimental Animals Ethics Committee of Eskişehir Osmangazi University (EAEC-ESOGU). The protocols used were approved by the Committee on the Ethics of Animal Experiments of Medical and Experimental Research Center of ESOGU. Institutional Ethical committee number under which this study has been approved was 401-1. The mice were sacrificed by cervical dislocation under anesthesia with minimum suffering.

Statistical analyses
--------------------

Statistical analyses were performed using the IBM SPSS version 21 (IBM Corp., Armonk, NY, USA). Shapiro-Wilk Normality Test was used to determine whether the groups possessed normal distribution. Since the groups showed normal distribution, they were further analyzed using independent *t*-test. The results were accepted as 95% confidence interval and those with a *P*-value less than 0.05 were considered to be statistically significant. The results were expressed as mean±SD.

Results
=======

All the mice used in the present study completed a 9-week feeding cycle in a healthy manner. They did not have tumors or any abnormal tissue in their bodies. The mice fed with HFD gained more weight and observed to be slower to move than the control group. On the other hand, the mice in the control group were found to move faster and their body weights were within the range appropriate for the average of the ages.

Body weights and intraperitoneal fat tissue
-------------------------------------------

No meaningful difference in body weights of the mice was observed between the experimental and control groups prior to the feeding period with different diets. The average body weight for the animals was 28.62±2.34 g. After a 9-week feeding period, while the average body weights of the animals in the experimental group was 34.12±3.13 g, the average body weight of the animals in the control group was 29±3.16 g. Body weight of the mice in HFD group markedly increased compared to the control group (*P*=0.008) ([Fig. 4A](#F4){ref-type="fig"}).

At the end of the experimental procedure, intraperitoneal fat tissue was removed from the mice and weighed. Significantly more fat tissue was detected in the HFD group compared to the control group (*P*\<0.001) ([Fig. 4B](#F4){ref-type="fig"}).

Ovarian weight
--------------

Ovarian weights for the mice in the control and experimental groups were obtained. While the mean weight of ovary in the experimental group was 131.00±0.56 mg, it was 68.00±0.14 mg in the control group (*P*=0.009) ([Fig. 4C](#F4){ref-type="fig"}). The increase in ovarian weight is thought to be associated with an increase in body weight.

Ovarian volume and ratio of ovarian cortex to ovarian medulla
-------------------------------------------------------------

The Cavalieri method was used to determine the total volume of the ovary and magnification was calculated as 30. The distance between the two points on the grid was 0.16 mm^2^. Via applying the formula V(ref)=At, while the mean volumes of the ovary of the mice fed with HFD were found to be 2.67±0.52 mm^3^, it was 2.22±0.41 mm^3^ for the ovary of mice fed with standard chow diet. Overall, there was no significant difference between the two groups with regard to mean volumes of the ovary (*P*\>0.05) ([Fig. 4D](#F4){ref-type="fig"}).

The point counting method was used to calculate the volume of the ovarian cortex and medulla. The ratio between the cortex and medulla was calculated using Vv cortex/medulla formula. While the ratio was 81.96±6.62 in the control group, it was 64.12±6.46 in the experimental group. The results indicated that cortex to medulla ratio markedly decreased in the experimental group in comparison with the control group (*P*\<0.001) ([Fig. 4E](#F4){ref-type="fig"}).

Number of follicles
-------------------

We determined the number of follicles at different stages of the development in the mouse ovary after the 9 weeks of diet period to evaluate the effect of HFD on their number and developmental morphology. Counting and staging of the follicles were performed through evaluating the histology of the ovaries collected from the control group ([Fig. 5A](#F5){ref-type="fig"}) and HFD group ([Fig. 5B](#F5){ref-type="fig"}) at low magnifications. We classified follicular development as primordial follicle, primary follicle, secondary follicle, tertiary follicle, atrietic follicle and corpus luteum. The number of primordial follicles significantly decreased in the mice fed on HFD compared to the control group. While the number of primordial follicles was 1,558.75±98.61 in the control group, it was 521.00±71.42 (*P*\<0.001) in the experimental group ([Fig. 6A](#F6){ref-type="fig"}). Moreover, while the number of primary follicles was 123.63±24.20 in the control group, it was 151.57±24.57 (*P*=0.004) in the experimental group ([Fig. 6B](#F6){ref-type="fig"}). Similarly, while the number of secondary follicles was 76.75±1.66 in the control group, it was 88.86±9.06 (*P*=0.003) in the experimental group ([Fig. 6C](#F6){ref-type="fig"}). The number of tertiary follicles increased from 14.00±1.06 in the control group to 32.86±2.47 (*P*\<0.001) in the experimental group ([Fig. 6D](#F6){ref-type="fig"}). Likewise, while the number of atrial follicles was 97.63±7.44 in the control group, it was 152.71±6.29 (*P*\<0.001) in the experimental group ([Fig. 6E](#F6){ref-type="fig"}). Moreover, atretic follicles were also classified based on stages of the follicles ([Fig. 6H](#F6){ref-type="fig"}). In control group; of the atretic follicles, 24.38%±4.87% were primordial, 2.68%±2.74% primary, 10.12%±1.04% secondary and 5.54%±2.38% tertiary follicles. In HFD group, of the atretic follicles, 74.08%±4.32% were primordial, 20.12%±2.70% primary, 12.44%±3.84% secondary and 8.26%±1.06% tertiary follicles. Finally, while the number of corpus luteum was 16.13±1.35 in the control group, it was 21.86±1.77 (*P*\<0.001) in the experimental group ([Fig. 6F](#F6){ref-type="fig"}).

Diameters of follicles
----------------------

Primordial, primary, secondary and tertiary follicle diameters in the mice fed with normal and HFDs were measured using stereological methods. The longest axis of the follicles was identified as major diameter (a), and the other axis passing through the midline of the major axis was identified as minor diameter (b); subsequently, diameters of the follicles were determined using the major and minor diameters identified ([Fig. 6G](#F6){ref-type="fig"}). While the mean primordial follicle diameter was 43.48±6.92 µm in the control group, it was 64.776±9.55 µm in the experimental group. The difference between the two groups was statistically significant (*P*\<0.05). Likewise, while the mean primary follicle diameter in the control group was 90.42±23.34 µm, it was 133.79±13.48 µm in the experimental group. The difference in mean primary follicle diameter between the two groups was statistically meaningful (*P*\<0.05). Similarly, the mean diameter of the secondary follicle was 132.67±17.67 µm in the control group and 227.96±43.82 µm in the experimental group. The difference in the mean diameter of the secondary follicles between the groups was statistically substantial (*P*\<0.05). Ultimately, while the mean tertiary follicle diameter in the control group was 280.49±50.29 µm, it was 549.79±150.88 µm in the experimental group. The difference in the mean tertiary follicle diameters between the two groups was statistically momentous (*P*\<0.05). Overall, HFD intake in mice markedly increased diameters of the primordial, primary, secondary and tertiary follicles.

Ratio of oocyte in the secondary follicle to granulosa cell layer
-----------------------------------------------------------------

The point-count method was applied to calculate the ratio of oocyte to granulosa cell layer in the secondary follicles. The granulosa cell layer resided around the oocyte in the secondary follicle is shown to be thicker in the mice fed on with HFD. Consistently, in the present study, the ratio of oocyte to granulosa cell layer was 31.23±7.16 in the control group and 17.60±5.93 in the experimental group. The difference between the two groups was statistically significant (*P*=0.002) ([Fig. 4F](#F4){ref-type="fig"}).

Discussion
==========

Excessive energy intake with high fat containing diets along with reduced physical activity and a more sedentary life has led to a substantial increase in the incidence of obesity around the world. Subsequently, numerous studies indicate that increased incidence of obesity has caused many metabolic diseases from systemic malfunctions to reproductive disorders. Obesity is shown to reduce percentage of the pregnancy among the women through triggering abdominal fat accumulation and decreasing ovulation rates \[[@B33]\]. Consequently, studies concerning the negative effects of obesity on fertilization have gained more importance in recent years.

In the present study, we examined morphological changes in ovaries of the mice fed with HFD for 9 weeks. The current study is the first one stereologically evaluating how feeding of mice with HFD changes ovarian weight, volume, ratio of cortex to medulla, number of follicles and their diameters in addition to alterations occurring in granulosa cell layer shown to be effective in mechanisms leading to formation of PCOS. We think that presence of the ovarian follicles with normal size and diameter is a significant indicator for continuing healthy menstrual activity. A previous study by Karbalay-Doust et al. \[[@B34]\] emphasizes that any changes in follicular diameter and surface of the follicles thwart the entry of the sperm.

On the other hand, at their work Sohrabi et al. (2015) \[[@B17]\] reported no significant increase in the bodyweight of the mice fed with similar high energy diet for 12 weeks; however, in the present study we fed mice with HFD for 9 weeks and observed marked increase in the bodyweight and intraperitoneal fat tissue, indicating that the current model of feeding mice with the HFD we used here is effective for making the animals suitable for obesity studies. Present findings suggest that increase in weight of the ovary in the mice fed with HFD is due to an increase in their body weight. Although there are studies available on the effect of the androgenic anabolic steroids concerning ovary volume and ratios of cortex to medulla volumes, few or no studies are available regarding the effect of HFD on the volume of the ovarian tissue, the number of follicles at different stages of the development \[[@B32][@B34]\]. While we noted no marked increase in the total volume of the ovary, there was a significant increase in ratios of cortex to medulla in the ovaries of the mice fed with HFD. We think that the increase in volume of the cortex is due to increase in number and diameters of the cortical follicles in addition to development of corpus luteum and transformation of follicles to ovarian cysts.

The present results showed that while the number of primordial follicles decreased, the number of primary, secondary and tertiary follicles increased in the obese mice fed with HFD. Therefore, these findings suggest that the obesity induced by HFD causes follicular maturation; however, it increases rate of follicular loss by reducing the number of primordial follicles. Obesity might interfere with follicular development through mammalian target of rapamycin (mTOR), which is a serine/threonine kinase that regulates cell growth and proliferation in response to stress, nutrients, and growth factors \[[@B35]\]. A recent study indicates that obesity interferes with follicular development through mTOR activation and sirtuin 1 inhibition, thereby leading to overactivation of primordial follicles and increasing number of developing and mature follicles. Consequently, overactivation of ovarian follicles might accelerate the rate of follicle loss via promoting follicle apoptosis \[[@B31]\]. Likewise, in their study, Wang et al. \[[@B31]\] suggest that obesity leads to a marked increase in the number of atretic follicles through triggering follicular apoptosis. Moreover, increase in the number of corpus luteum, one of the most important indicators of cystic transformation, indicates that obese animals are prone to development of PCOS and likely to experience infertility problems.

Furthermore, diameters of the primordial, primary, secondary, and tertiary follicles were distinctly increased in the ovaries of the mice fed with HFD when compared to the control group fed with standard diet. Particularly, present stereological examinations of the granulosa cell layers in the secondary follicles indicate that follicular cysts are likely to develop at this stage. Granulosa cells form a couple of layers and play an important role in the growth of follicles, in the survival and ovulation of oocytes. Therefore, deterioration of ovarian functional activity may have a significant effect on reproductive capacity \[[@B36]\]. Granulosa cells are thought to contain various growth factors effective in production of sex steroids and stimulation of oocyte development as well. Moreover, follicle-stimulating hormone not only stimulates granulosa cells but also it induces generation of sex steroids through converting estradiol to androgens \[[@B37]\]. However, after ovulation, granulosa cells turn into granulosa lutein cells that produce progesterone \[[@B32]\]. Consequently, our observations imply that the increase in layer of granulosa cells and the development of follicular cysts, which is among the causes of infertility, occurs concomitantly.

In conclusion, the results of the present study indicate that diet-induced obesity harmfully affects fertility through impairing ovarian morphology, weakening follicular development and differentiation, and ultimately leading to decrease in the number of fertile ovum.
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![Classification of follicles in ovarian sections. (A) Note the primordial follicle and single-layered of flat granulosa cells surrounding the primordial oocytes (arrow). (B) Observe the primary follicle and the single-layered cubic granulosa cells around the oocyte (arrowhead). (C) Notice the secondary follicle and the multi-layered cubic granulosa cells neighboring the oocytes (arrowhead) and zona pellucida (arrow). (D) Note the Graafian follicle with C-shaped antrum (star), cumulus oophorous (arrowhead), and stratum granulosum (arrow). Scale bars=50 µm.](acb-53-58-g001){#F1}

![Calculation of the total volume and cortex to medulla ratio of the ovary of mice using point-count method. Between two plus signs on the horizontal and vertical axis, defined as 'X' and 'Y', the tissue falling into the right-top corner of the counting Point Grid was included in the counting (arrow). Scale bar=100 µm.](acb-53-58-g002){#F2}

![The calculation of follicular diameter. Measurement of long (a) and short diameter (b) in secondary follicle. Scale bar=50 µm.](acb-53-58-g003){#F3}

![Metabolic parameters and follicular changes in ovaries of the rats fed on a high-fat diet. The average body weight (A) and Gonadal adipose tissue (B) were measured at the end of the nine-week diet period. The total weight of the ovary (C), its total volume (D) and cortex to medulla ratio (E) were calculated using the Cavalier method. In addition, the ratio of oocytes to granulosa cell layer in secondary follicle (F) was measured using point counting method. Data are presented as means±SD. ^\*\*^*P*\<0.01 and ^\*\*\*^*P*\<0.001 compared to chow group as determined by an independent T test. Standard chow diet (SCD; n=8), high-fat diet (n=8).](acb-53-58-g004){#F4}

![Low magnifications of ovarian histology from control (A) and high-fat diet (B) groups. Scale bars=100 µm.](acb-53-58-g005){#F5}

![Comparison of numbers of primordial (A), primary (B), secondary (C), tertiary (D), and atretic follicles (E) in addition to number of corpus luteum (F), follicle diameters (G), and percentage of atretic follicle types (H) in high-fat diet (HFD) and control groups. Note that the data are presented as mean±SD. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001 compared to control group as determined by an independent *t*-test. Standard chow diet (SCD; n=8), HFD (n=8).](acb-53-58-g006){#F6}
